Optics - Introduction 


V Sharma 


Textbooks: 

“Optics” by E. Hecht, 4th edition (Addison-Wesley) 

Or any optics book you feel explains topics better -> 
Explore 

We are here not to cover course but to generate enough 
curiosity to answer things by ourselves. 

Please study lecture notes/book before (preferable a 
day before) every class. 

Please interrupt if you don’t understand something. 

The questions which remain unanswered by me in 
the class will be answered in the next class. 



The most important thing: 


Grading: 

40% homework/class exams (surprise): continuous 
assessment 

10% attendance (Physical presence (mandatory) + mental 
(your choice)) 


50% final exam 


Assianment-1 for 15%: 


Think of a question you always wanted the answer 
of and find the answer to that question. Question 
should not be trivial and should require efforts to find 
answer of. 

Discussion- Three questions will be discussed after 
every class from 7 th September. 

Insincerity will cost you 20% deduction. 



Course structure 


• Electromagnetic theory 

• Geometrical Optics 

• GO with ray transfer matrix 

• Aberration 

• Laser 


Final exam will be on 9 th October from 
12:00-14:00 (C-LH7) /14:00 - 16:00 (C- 

LH1) Hrs 



The History of Optics 



i Normal 

Humans have 
been trying to 
understand 

1 

l 

l 

V 1 

Angle of 

incidence , Angle of 

light and its 

\ , reflection 

\ y. / * 

properties for 

\\ \is 

millennia. 

\ i / 

Mirror 


Reflection 



Refraction and 
dispersion 





Is light composed of waves 
or particles? 



































A mirror was discovered in workers’ quarters near the tomb of 
Pharaoh Sesostris II (1900 BCE). 




Lens from the 
Assyrian 
Palace of 
Nimrud (Iraq) 
(750 BCE). 


Pyramid of Sesostris II 


Ancient Greeks (500-300 BCE) 

Burning glass (refraction) mentioned by Aristophanes (424 BCE). 

Law of reflection: “Optics” by Euclid (300 BCE). 

Refraction in water mentioned by Plato in “The Republic.” 

But Euclid thought that the eye emits rays that reflect off objects (simulacra). 



The Pinhole Camera and Light Rays 


The pinhole camera was first 
described by Chinese philoso¬ 
pher, Mozi (470 - 390 BCE). 

It could be an entire room or a 
small box. 



Pinhole camera image 



The pinhole camera, also called the 
camera obscura (“darkened room”), 
established the notion of 


and 


geometrical optics. 


light rays 








































Ancient Greeks: Ancient Light Weapons 


Early Greek and Roman 
historians report that 
Archimedes equipped 
several hundred people 
with metal mirrors to focus 
sunlight onto Roman 
warships in the battle of 
Syracuse (213-211 BCE). 



This story is probably apocryphal. 













Ancient Greeks: Ancient light weapons 


And despite a failed 
attempt by the 
Discovery Channel’s 
Myth Busters to 
replicate the feat, in 
2005 MIT undergrads 
set up 127 mirrors in a 
courtyard to test the 

idea... 







Ancient Greeks: Ancient light weapons 


And despite a failed 
attempt by the 
Discovery Channel’s 
Myth Busters to 
replicate the feat, in 
2005 MIT undergrads 
set up 127 mirrors in a 
courtyard to test the 

idea... 




This story is not apocryphal! 


Optics in the Middle Ages: Alhazen 


Arab scientist Alhazen (-1000 AD) 
studied spherical and parabolic 
mirrors. 

Alhazen correctly proposed that 
the eyes passively receive light 
reflected from objects, rather 
than emanating light rays 
themselves. 

He studied the process of sight, the 
structure of the eye, image 
formation in the eye, and the visual 
system. 

He wrote a seven-volume treatise 
on optics in 1021. 





Alhazen 

( 965 - 1040 ) 


Abu Ali Hasan Ibn al-Haitham 






Optics in Early 17 th Century Europe: 
the Telescope 


Hans Lippershey applied for a 
patent on the “Galilean telescope,” 
consisting of two lenses, in 1608. 

Galileo (1564-1642) used one to 
look at our moon, Jupiter and its 
moons, and the sun. 


Two of Galileo’s telescopes 


Galileo’s drawings of the moon 













Snell discovered the Law of 
Refraction, now named after 
him: “Snell’s Law.” 



rij is the refractive index 
of each medium. 



Willibrord Snell 
(1591-1626, 
Netherlands) 


n { sin(^) = n 2 sin(# 2 ) 










17 th Century Optics: 

Descartes 



Sound was known to be a 
wave : a collective motion of 
particles. 

Descartes reasoned that light 
must be like sound. 

So he modeled light as 
pressure variations of 
unknown particles in an 
unknown medium (aether). 


Rene Descartes (1596-1659, France) 



Christiaan Huygens 

Huygens realized that light slowed 
down on entering dense media (media 
with high refractive indices). 




Christiaan Huygens 
(1629-1695) 


He also extended the wave theory of optics to diffraction, the 
tendency of light to bend around corners: 

Huygens’ principle says that a wave propagates as if the wave- 
front were composed of an array of point sources each emitting a 
spherical wave. 













Isaac Newton 


Newton realized that white light is 
composed of all colors and invented a 
reflective telescope—an improvement 
over the Galilean telescope. 



So did 
Newton 
think light 
was a 
wave? 

Or a particle? 





Isaac Newton 
(1642-1727) 


After remaining ambivalent for many 
years, he eventually concluded that 
light was made of particles. 







interference 


18 th & 19 th Century Optics: 

Thomas Young 


Thomas Young 
(1773-1829) 
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His famous two-slit interference 
experiment proved convincingly 
that light is a 


wave. 













It was known since the 17 th century that light bends around corners. 


Diffraction of Particles and Waves 
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Particles Figure 1 Waves 


http://micro.magnet.fsu.edu/primer/java/particleorwave/diffraction/ 




19 th Century: James Clerk Maxwell 


Maxwell unified electricity and magnetism 
with his now famous equations. 
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James Clerk Maxwell 
(1831-1879) 


where ^<6 is the electric field, ^Tis the magnetic field, 
c is the velocity of light, and no charges are present. 


Using them, he derived the equation for an electromagnetic 
wave. 




Maxwell’s equations simplify to the 
wave equation for the electric field. 


v 2 <€ -4^?-=o 

c 2 t 2 

which has a simple sine-wave solution: 

r, t ) oc cos (cot -k-r ) 

where c = col k 


The same is true for the magnetic field. 




Faraday experiment proved that Light 
is an electromagnetic wave. 

The electric and magnetic fields are in phase. 


Electric field 


Magnetic field 



The electric field, the magnetic field, and the propagation direction 
are all perpendicular. 

But it was still thought that light was a vibration of some sort of 
medium, aether, just as sound waves are vibrations in air. 




























The Interaction of Light and Matter 

Light excites atoms, which then emit more light: interference! 


Electric field 

Electric field Electron emitted by 

at atom position electron 
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Emitted light ^^(r) 

(out of phase 
by 180 s ) 


Transmitted light 

: : (weaker) 


The crucial issue is the relative phase of the incident light and this re¬ 
emitted light. If these two waves are ~180 2 out of phase, destructive 
interference occurs, and the beam will be attenuated— absorption. 

If they’re ~±90 2 out of phase: the speed of light changes— refraction. 


More - Photonics and Lasers 
















Absorption of light varies massively with 

wavelength. 


Water is clear in the 
visible, but not in 
other spectral 
regions. 

Notice that the 
penetration depth varies 
by over ten orders of 
magnitude! 

Knowledge of a 
medium’s internal 
vibrations are all that 
is necessary to 
understand such 
curves. 


Penetration depth into water vs. wavelength 
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Variation of the refractive index with 
wavelength ( ) causes the 

beautiful prismatic effects we know and 
love. 



Again, knowledge of a medium’s internal vibrations are all that is 
necessary to understand the dispersion of the refractive index. 





But what exactly is waving? Aether. But what exactly is aether? 



By the late 19 th century, nothing was known about the aether. 
Even measuring the earth’s velocity relative to it could be helpful. 


Michelson & Morley 

Using an interferometer, they found 
that the earth’s velocity with respect 
to the aether was zero, no matter 
the direction of the earth’s motion, 
shedding doubt on the existence of 
the aether. 



ttftftttfffft 



Albert Michelson Edward Morley 
(1852-1931) (1838-1923) 














20 th Century Optics: Albert Einstein 


Einstein showed that light: 

is a phenomenon of empty 
space and has a velocity 
that’s constant, independent 
of observer velocity. 



Albert Einstein (1879-1955) 


Bye bye aether! 



Einstein Again 

The photoelectric effect 


Incident 

light shining on a material transfers 
energy to electrons, ejecting them. 
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where $ is the material’s potential energy to be overcome before an 
electron could escape. 













Laws of photoelectric emission 


1) For a given atom, there exists a certain minimum frequency 
of incident radiation below which no photoelectrons can be 
emitted. 

2) For a given atom and frequency of incident radiation, the 
rate at which photoelectrons are ejected is proportional to the 
intensity of the incident light. 

3) Above the threshold frequency, the maximum kinetic energy 
of the emitted photoelectron is independent of the intensity of 
the incident light. 


These laws become wrong at high intensity of 
the incident light! 

MORE - Laser and Technology course 


Nonlinear optics yields many exotic effects. 


Sending high-intensity infrared 
laser light into a crystal yielded 
this display of green light: 


Nonlinear optics allows us to 
change the color of a light beam, 
to change its shape in space and 
time. 



MORE - Laser and Technology course 




Thus, Einstein showed that light is also 
a particle (in addition to being a wave). 


Proof of this fact is 
that photographs 
taken in dimmer 
light look grainier. 
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When we detect 
very weak light, 
we find that it’s, 
in fact, made up 
of particles 


So light is a wave and a particle 



Fourier 
decomposing 
functions — sin(®0 
plays a big 
role in optics. 
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More: Photonics and Lasers 


































Why study optics? Fiber optics will 
soon replace most wires. 


The electromagnetic spectrum 
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y-rays 

x-rays 

Ultra-violet 

Blue, A~488nm; v~6.1x10 14 Hz 
Green, A~532nm; v~5.5x10 14 Hz 

Red, A~633nm; v~4.8x10 14 Hz 

Infra-red 

microwaves 
RF waves 







“Light is, in short, the most refined 
form of matter.” 


Louis de Broglie 



